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ABSTRACT. | | - o b .
‘ This study examined'a proposed proceduré for

. particular, to determine if the procedure led-to explicit and correct e

' -descriptions of the& motion and intéraction of systems.and if the

e e S ¥

resulting ‘theoretical descriptions facilitated generation of correct

- constraint. equations and, hence, correct solutions to the problems..

P
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Tventy=four paid volunteers: (undergraduate physics students) were b
randomly assigned to vne of ‘three groups: (ly-model»group, induced to :

f¢'solﬁégprébléms in accordance with the full version of the proposed
jprocedure; (2) modified-model group, induced to work with a less

. -complicated vérsion; and (3) a comparison group which solved problems

Y A

without ‘any external guidance. Criteria used as measures of good

problem-solving performance and major classes of errors wvere

;;é;;gsigbkiéhéd_ahd_adeguéqy;éﬁ_solution_was_a§sessedwwithurespec; to — —

these performance measures. Very explicit rules .for constructing . -

“initial problem descriptions wére found to lead reliably to explicit {

and: correct descriptions of motion and—interaction. In addition,
these descriptions were found to facilitate achievement of correct

" solutions. Specific examples of typical difficulties subjects

‘encountered during.problem-sélving are also discussed. (Author/JN)
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« in-Physics: Empirical Validation of a Pres¢riptive Model™ \

U.S. DEPARTMENT OF EDUCATION-

| ] NATIONAL INSTITUTE OF.FDUCATION
Jo‘an I. Heller and F. Reif * - EDUCATIONAL RESOURCES INFORMATION

CENTER (ERIC)

3 3 ~ 3 Any g v Ths d nt has been reproduceda as
Un] versi t‘\y Of La ] lfo rnia ? BerkE] e'y_ E recz:vedoc‘:;‘z\ the person of organication
_ i M originating 1t

~ for good problem-solving performance in physics. We alsb outlined an

r,experjmental method for testing such a model. We now descnibe in more

Vsolutfons to the problems?

* 11 Minor changes have been made to mprove

reproduction quairty.’
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’ - INTRODUCTION
. ® Points of view of opinions stated in this docu-
‘ ‘"‘ ment ¢'o Nt necessamy represem othcial NIE

In the prev1ous paper (Reif & Heller, 1982) we proposed a.; vostonorpocy”

prescriptive model spec1fy1ng procedures and knowledge structures required .

detail emo1r1ca1 work to test se]ected aspects of the oroposed model.

- In this experiment our primary interest was 1n eva?uat1ng the

pr0posed procedure for construct1ng theoretical descr1ptnons of mechanics

problems. The part1cu1ar quest1ons we addressed were: (1) Does the

procedure Tead to exp11c1t and cornect descr1pt1ons of .the motion and .
interactioh of systems? (b) Do the resu]ting theoretical descriptions - °

facilitate generation of correct constraint equations and, hence, correct

»

In the following sections we describe the method, results, and impli-

cations of research to validate these parts of the pr0poseo prescriptive

mode]
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Th1s work was supported in part by the Nat1ona1 Sc1ence Foundat1on under
grant: No. SED79 20592 . .
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METHOD =

The‘method<we used to evaluate the proposed model was to compare the _
prob]em—so]v1ng performance of subjects working under d1fferent exper1-'
mental conditions. The utility of the model was assessed by observing the .
C . performance of subjects who were induced to work in accordance with the
' model. These subjects were guided.throug:\solutfons:of problems by
external\control directions read to them by the experimenter according to’ ' 'f
a mrftten script. By compar1ng the performance of subjects fo]1ow1ng these .

sets of d1rect10ns with the p°rformance of subJects working without external

gu1dance the facili tat1ng effects of the proposed procedures could be

2

determ1ned

® - -
z N

Two different versions of the externa] control directions were

-
- 2

deve]oped one of which {the "mod1f1ed model" vers.on) consisted essent1a11y
of a subset of the other (the "modeT" version). The modified version was
developed to assess the 1mportance of particular components of the model.
If these components were necessary for good erformance the performance

. of subjects gu1ded by directions that did not include these components wou]d

' oe expected to deteriorate in predictable ways compared to the perfOrmance
of subjects guided by the fu]l'version |
| .The performance cf three groups of subjects was comnared in th1s -
study: a Model group (M) wh1ch was induced to solve mechan1cs prob]ems in

; _ accordance with the full version of the proposed problen- -solving procedure,

§ a“Modified-Model group (M*) wh1ch was induced to work in accordance with

: the less compiete versiOn,of this procedure; and a Comparison group (c)

which}so]yed pnob]ems'without any ekternal.guidance. B




Subjects -

The subjects were 24 paid volunteers who were undergraduate students -

. ’

ftdrrent]y enre11ed in the second semester of an introductory physics course

at the University of'California at %erkeley. 'The physics principles and

kines of problems used in this study had beer included in theﬂfirst semester -
of this course. Hence it could be assumed that these subjects had learned
th%s relevant khow]edge Just a-few months before their participaticn in this

research.

L

TheAsubjects were selected randomly fhom those vo]unteers who had

<

rece1ved a grade of B- or better in the f1rst semester of the course. These

subJects were then random]y ass1gned to_ the three groups , e1ght in each group.

" =

Procedure ’ i - R ‘

&

A pretesf consisting of three mechanics problems was first adminis-

' tered individua]ly to each, sdhject Subjects were asked to talk aloud

about what they were th1nk1ng wh11e solving the prob]ems, and their )
verha11zed statements were recorded with the1h permission. ?ur1ng ‘this Aha ‘
sdbseQueht sessions, the subjects were provided with a printed‘summahy ohi
-relevant mechanics princih]e§ to ‘which %hey ‘could refer at any.time.

‘Becahse our interest was not in the subjects' knowledge about algebra Qh

‘trigOnOmetry, any apparent errors of these kinds .were pointed out or

corrected by the experimenter as they occurred.

~ Subjects™ in Groups‘M and M* then received brief training’to familjar-
ize them with the directions they were going to be asked to follow. This
Atraihing consisted of a single practice run through the major steps of the

problem-solving procedure.




: Each subject then returned for one or two subsequent sessions during

3

. Which three prob]ems, approximately equivalent to the pretest prob]ems, were

administered individually. Groups M and M* were guided through the solution

of - these problems, while Group C again. worked w1thout external. gu1dance

The subJects were asked. to talk out 1oud and were tape recorded. The

sohjects' written work and verba]i;ed comments comprised thewdata for this
f’Etudy. o .

Subjects working with external gu{dance_were read the standard direc-

tions one step at'altimé. Each direction had to be implemented by the

subject before the next one was read. If a step was not performed,. the

~
-

* directions were repeated.

.

External Control-Directions

Standard external control o%recﬁions were deve]oped.for*USe with

" subjects in Groups M and M*. These directions provioed very specific !
guidance throu;h prob]em solutions but were prob]em-indepenQent-;i.e.,.the
“same direct}ons:were'app]ieable to any mechahics problem that could be
so]ved‘hy application of Newton's second law. A summary and comparison of
“the kinds of knowledge included in the directions for the Model and Modified
Model groups is provided in Table 1. R .

. S A - B - G A Ry - B - -
"

The éxternal control d1rect1ons specify procedures for accomp11sh1ng
two major activities 1nvo]ved in prob]em so]v1ng construct1ng an initial

.theoret1ea1 problem descr1pt1on, and synthesizing the problem solution by.-.

generating constraints (usually in the form of equations or inequalities).




'The modified version is compr1sed essent1a11y of a subset of the steps
included in the fu]] version. whereas the full version includes descrip-
tions of both the motion and interaction of systems, the modified version
includes only a description of 1nteraction. Furthermore, the full verston‘
_ihc]udes a ‘specific algorithm fqr constructing i:teraction descriptions; b
hy contrast, the modified version only directs students to draw ai]'forces
acting on every system, without specifying in more detail how to enumerate
them. Thus, the modified version corresponds roughly to the kjnd of

suggestions a typical physics text pravides--to draw "free-body" force . '

'dtaéhams of‘systeﬁs, without explicit rules for identifying or describing

" forces. , \

The full vers1on a’so includes methods for checking that the motjon -
and 1nteractfbn of systems are correct]y and conveniently described.” One -
check 1nv01ves the compar1son of mot1on and 1nteract1on descr1pt1ons to
ensure the1r consistency. This is only Egss1b1e when both motion and inter-

'action have been examined .explicitly, as in the fu]l version. A second
check 1nvo]ves examination of 1nteract1on descr1pt1ons to ensure that
constraints implied by Newton' s third law have been cons1dered--name1y,
that mutual forces (i.e.,"actions"and "reactions) are described as equal
“in magnitude and opposite in direction.

Directions for synthestihg so]utions are essentja11y jdentical in'
both.versipns.‘ Of major interest here are the directions to choose expli-
citly a principle, a system, and a direction (or coordinate system) when
applying Newton's second law to generate equations.

~-The way in which the differences betweeh the full and.modified
' versions'were_actually implemented i exemplifieg in Table 2 which contains

excerpts from the scripts used to direct subjects through enhumeration of

4
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forces acting on a chosen system.

- - - - - - - - e - -

e LT

Assessment Problems. -

Thfee approx1mate1y match1ng pa1rs of mechan1cs problems were se]ected
From common]y used introductory phys1cs texts. (French, 1971; Resn1ck & .
Halliday, 1977;lSymo£; 1971).. (The problems are listed in‘the Appendix. )
‘Theseﬁoroblems we}e:reoordedjsljght]y for increased'clarity. The pafrs of
- ’probieﬁs were split into two sets, A and B. ‘Half of thé subjects received

one'set as a‘pretest and the othe; set during treatment sessions; the other
_half of the subjects .received these sets in opposite order.

ATl of the problems used in the study could be so]ved by application-
of “one fundamenta] motion pr1nc1p1e, Newton S second law (E = mg). Two of
the three pa1rs of problems (1A, 1B, 3A, 3B) required non-trivial force
descrfptions, i.e., several forces (incloding both contaet‘end Tong-range
'foﬁces) were involved. }hese problems were included to af]oW‘assessment of
-procedures for enumerating forces.. The th%rd pair of prob]ems (2A and 2B)
requ1red non- tr1v1a] mot1on descr1pt1ons, they involved systems in ciroolar

motion, the analys1s of wh1ch is frequently performed incorrectly by no«1ces

These problems were included to allow assessment of procedures for. describing

motion. . ) L .

~

Data Analysis ' -

. In.order to assess the quality of students' problem-solving behavior,

it was necessary to identify and define performance meesures. The criteria




< r' 2 . ‘. - ’ - T
used as measures of good performance, and major classes of errors, are ,

provided in Table 3.

- - > - - P W W T
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BE§!£I§ : -
| The adequacy of every so]ut1on was assessed®with respect to the per- ~
tormance measures 11sted in Tab]e‘3 The data in Tab]e 4 and F1gure 1: show :
i‘the mean . number of each student' ;/solut1ons (on.the three probﬂens solved dur-
)

1ng pretest or treatment sessiony) that were correct on each of these measures

o ‘ 5
- ;
..........................

“Performance on the pretest is summarized across all 24 students

in Table 4 and Figure 1ﬁto~facilitate.comparison with performance under

. the three treatnent conditions. Statistically significant dﬁfferences

A ° “

'between groups in treatment sessions are1nd1cated in the r1qhtmost co]umns

There were no s1gn1f1cant d1fferences between groups on the pretests

1

Sufficiency of the Model B f ' o ‘ ' .

K N -
s 4 . . -
% ¢ .

, The purpose of this research was to evaluate se]ected aspects of the

. : " proposed model of good problem-solving. performance in mechanics.. The major

o quest1on of interest is whether .the klnds of procedures proposed by the ° -
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If the kinds of

o«

mode] are sufficient for producing successful solutions.

.knowledge included in the mode]iare sufficient, students working in

accordance with the model would be expected to perform well.
g The performance of subjects in Group M, working under externa] contro]
1t

. )
indicatés that the: proposed procedures d1d Iead to good performance As

e it

.vector addition, some students treated vectors as scalars.) .

1nd1cated in Table 4 and F1gure 1, these students performed nearly perfect]y-~
ail of their so]ut1ons contained every requ1red equat1on, and all °quat1ons

conta1ned correct and comp]ete information about motjon and 1nteract1on

+

(The s]lghtly Tower 1nc1dence of correct final answers,

ST P _ .- X ) ' A '
combination of equations.on problem 2B; instead of.performin regdired

rd

u
)
.

Adequacy of Performance Ungu1ded by .Model

%

The abpve f1nd1ng 1nd1cates ‘that performance in accordance w1th the

“ v

mode} is exce]]ent However, it s poss1b]e to quest1oq whether performance ]

m1ght have been equa]]y good without such intervention. These subJects
:rece1ved formal 1nstruct1on in mechanies just one semester ear11er, and
mlght have the reou1s1te know]edge for solving these fa1r1y standard problems.

The subJects performance on the pretest as we]] as the performance of

- 3 -

1 Group C, as summar1ced in Tab]e 4 and Figure 1, indicates that their pr1or

_knowledge was def1n1te1§$§g§ suff1c1ent3for the’ task. On the average, less

4

R |

than one of three pretest problems was solved correctly. Furthermore, the

mean number of solutions containing a sufficient set of equations, or .

) correct 1nformat1on about forces and motion ; ~was always less than two.

2

Group C's. performance in the tréatment sess1ons was virtually identical to _

the summarized pretest performance of-a]] subjects.
. )

su]ted ﬁrom‘}ncorrect_
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“These resu]ts indicate “that ‘the  kind of knowledge students acquire as

a resglt of ordinary instructfon in an introductory physics course -is ngt_ . .

. sufficient for the task of so]vfng typical mecﬁghics problems$. s It should oe.

i noted that the subjects in this study did have some knowﬁedge'of physics
pr1nc1p1es and. def1n1t1ons~-they had enough know]edge to 1nterpret and

' 1mp1ement the external contro] directions. HoweveP the add1t1ona1 proce- X
dures and know]edge provided by these directions was necessary to prqduce o ‘

-good problem-solving performance. . o
. . e o B ' .

L ] v

. Necessity of Components of the Model. . {

. . . . ’ ~e R o
! It has been shown that students working in accordance with the complete

_~“Version of the modeT: do perform wel] A question that can then be raised

is whether all of the components of the model are actua]]y necessary. ’}t

o

may be that some of the procedures and know]edqe structures are superf]uous,

anh that performance m1ght\be eoua]]y oood (and perhaps more efflc1ent) .
- . . \

without those parts. This Question can be tested by compar1ng the perfor-"

~ »

mance of Groups M.and M*,
a'\\ Group M*, it will be recé]?ed,\worked‘in accordance with a subset of ’
the knowledge provind to GroUp~ﬂ’(see Table 1). If the knowledge conipo- .

\
nen{s de]eted from the directions used to guide Group M*, were in fact

\
necessary, performance of th1s group., shou]d not be as adeouate as that of-

Group M. In part1cu1ar, since the major’ d1fferences between the dﬁrect1ons

¢

lay in the completeness and explicitness of gu1dance through initial.’
problem description, it would be expected that motion and interaction v

analyses of Group M* should be inferior to those of Group M. In turn, the

equat1ons genérated by subJects in Group M*, and f1na1 answers obtained,

_.should be correct less often than those of Group M -\
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xQuaYitatiVe‘Ana]ysis o L R i

. Was “to omit mention of ex1st1ng forces- .75% . of the subjects omitted rele-

* mutually.sliding blocks (see Figure 2)-where block B.is pu]led to the left X

mass, wh1ch.passes over a ou]ley with negligible mass rotat1ng with . 1 p
negligible friction. "The. solution .of this problem requires 1dent1f1cat1on v .
of a1l forces on both blocks. ) S . "

The data in Tab]e 4 and F1oure 1 reveal,essentlally this pattern of

results. A1l resu]ts are stat1st1ca11v*s1gn1f1cant, except in the case of

mpt1on descrﬁpt1on where the performance of Group M* was not s1gn1f1cant1y

N i

poorer than the perfect performance of Brouo M: It thus appears that the

k1nds”of know]edge 1ﬁc1uded in the mode] are bofﬁ §u¥f1c1ent and necessary
!

ﬁor ach1evement of good prob]em solving. -' A

. .
i) K] . R . -

. . L}\ N 4
.
< .

R . \4\ Y
\ ‘
A c]oser examination of the <subjects’ performance provides 1ns1ghts -

rd

'1nto the ways in wh1ch the proposed mode? fac111tates _good performance. In s’

fhis section we d1<cuss sore soec1f1c examo]es of “typical d1ff1cu1t1es NP 43
oy -e sie

) o
subJects encounteér dur1ng prob]em so]v1ng. For'eéch “such examp]e we -

.indicate the particular components of the mode"that lead to good perfor—

~

mance, i.e., prevent typ’cal errors. S

-

Missing forces. One of the most common errors made by the subjects ‘ . 7]

<

vant forces in at 1east one of their pretestdﬁbb]em so]ut1ons. Performance’f*;"

on problem 3B exemp11f1es this- d1ff1cu1ty Tﬁ1s ‘problem Jnvolves two

with Some force F . The b]ocks are connected by a str1ng, with neg11g1b1e

e

. Py .
- - - - - - -

- - - - - - - - - - -
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Ident1f1cat1on of all forces on b]ock B presented- part1cu1ar d1ff1cu1ty
"for the subjects. In-half of the pretest solutions of th1s problem, the

friction force (fBA) on B by biock A was om1tted ‘the tension force (T) and
Fa
norma] force (NBA) on B by A were each om1*ted in 25% of the pretest,so]ut1ons.

These errors were e11m1nated)ent1re1y by the mo.el's algorithm for
enumerat1ng forces The algorithm 1nvo]ves identifying +all systems that //—T

touch the system be1ng descr1bed and add1t1ona] know]edge is prOV1ded to :\ -

LN

‘ rem1nd subjects that fﬁe force exerted by & surface ord1nar11y has twe 9§\

) components--the norma' force and fr1c*1on force. Ident1f1rat1on~of systems
touch1ng another sysiem.is trivial for the subjects.. This procedure thus ’

L}

/} eliminates automat1ra]1y the very common error of m1ss1ng contact forces on

a system. i - , ' '

" It is intéresting tc noce that subjects in Group M* also missed no
; 8
| forces on block B, a|though they were mere]y told to “1nd1cate a11 the

forces exerted on b]ock B by a]l other systems™ and then to check that *hey

had identified all such forces However, over all solutions, subJects 1n

* Group M never missed g_x;forces while those in Group M* did still do so

- . — £
S ,(see Tab]e 4 and Fiqure 1) Thus, the a]gorithm is faw more re]iab]e than" °
o tae the 1ess specific d1rect1onswproV1ded to Group M*, although the latter

\

)

‘ ‘produce better performance’ than that exhibited by students work1ng.u1thout .
any guida?ce. . L . ég e i
. 'hr44§~direction for force. A second Very commoo error exhibited on -
. the pretest was- that oj/ascr1b1ng the wrong d1rect1on to a force. Walf of
. the subJec*s made this error on at least one pretest solution. An example o

-of this d1ff1cukty is’ provided in. Figure 3. BT R
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; \ ¢ g F

;izk 1, 1in thds prob1em, blocks A and B are conﬁected by a string of negligible

%j ’ ‘mass:nhich passes over a pulley of ne§1igib1e mass and negligible frictj\t-_

};‘.f It 1s spec1f1ed that block G, which s1ts on top of b1ock A rema1ns at rest

§:$“M“ ‘relative to A (j.e., does not slidé off). - Y

L '< In order to solve problem 1A the forces,on block C must be identified :
;:::lswj ‘and descrlbed correct1y However,,on 83% of the pretest solut1ons of this ‘_éi

S et
L Sl

L8 prob]em, the friction force on C by A was descr1bed as act1ng on C to the .

AN

o priTE
[

1
N
4

left when 1n fact it is exerted to- the r1ght (If the fr1ct1on were

‘exerted to the left, C would surelyas11de off Al It is only.the friction

>

~

~

Py sa'e wp gy

VTR Sre Ty
M 5

Ay

SIS RS 1

Sl force of A on C which moves-C to the Fight.) .

1
1
|

Th1s error appears to be the result of the (verba11zed) rule the sub-

~

SN
e Jects ‘use to determ1ne the d1rect1on of a friction force "fr1ct1on opposes

v L,

LI
P ——

e érj the mot1on (of C):™ Th1s rule is too genera1-~1t only 1eads t6 correct

force descr1pt1on under certaun cond1t1ons A more spec1f1c rule is re-

é‘;x:i‘T4~qu1red fr1ct1on opposes relat1ve mot1on of the..contact po1nts s==.e., 1n§th1s ot
1?9742 : case, fr1ct1on opposes the mot;on of (X relat1ve to A. SubJects in Group M 'f1§
§i§ ;”:f who used ‘this rule, never erred in ascr1b1ng the correct d1rect1on to the. ek
‘ ) fr1ct1on force, by contrast, subjects' in Groups M,and c cont1nued -to make’

P such errors at the same rate as all. subjects on the pretest.solut1ons .
S N . expliat vales’ -

A The model prov1des not-only, for correctly descr1b1ng forces, but

1nc1udes also checks to ensure that forces have been described pr0per1y

f
[ ’
R I FrS O —
- —,
LI DR TRE oy

One such check.requ1res that the descriptions of the motion and interaction

¢ of each system be consistent. Inorder to perform this check, both ‘the. - ﬁ‘;

‘8 uﬂde“’ - I
mot1oﬁ'and 1nteract1on must have beenA as required by the mode1 For LT _i,f

e

.‘ example, for the prob1em ‘i1lustrated in F1gure 3a, the descr1pt1on procedure

generates both a métion d1agran1andforce d1agram, as illustrated Jn F1gures

T dbandc) a ~ -

Bl
v et vy
d




o e =

¢

g

-

_of motion and interaction, includéd in Group M's directions: "In your

‘error was made, 1n generating one of the descriptions. Since it is easy for

{
H
i

13

A )

;?':Newtonfs second law (5 =*mg)ﬁimplies that the motion and interaction of

a system are re]ated. Hence it provides the following check of consjstency _

djagrams, are the fOrees”on the se]ected.pﬁrticle such that, with proper - oL

magnitudes, their vector sum can have the same direction as the particle's

T acceleration? If hﬁt; th@f'ev,igﬂsomething"wrongf"w If the friction force on - SRR

C were, described to the left, as in F1gure3b and the acce]erat1on were

destribed to the r1ght, as in F1gure3c th1s check would revea] that an

[t

subjects to determine the d1rect1on of block C's acce]erat1on in this prob]em, o

this consistency check provides a very reliable means for blocking the common

théught about it that way beforé." The potential of this kind of procedpre

error of incdrrect]y describing the'direction of the friction force on C. -
’} Furthermore this compar1son of motion and force d1agrams Fppeared to
prOV1de the subJects with an extremely powerful graphzc demonstration of

‘the- mean1na of Newton's second 1aw :Many of the subjects in Group M spon—
taneous]y reacted to th1s compar1son w1th comments 1nd1cat1ng a new under-

stand1ng of the 1mp1)cat1ons pf‘E = ma, e.g., "Oh! That's neat! I hadn't

for enhancing students'’ understaﬁding'of physics principles may .be a‘freitful
area for investigation. B

Another,chech'on initial theoretical descriptioné'consisted of
detﬁrmihing whether mutual forces (i.e., "actioris" and "reactions") were

-

cqrrectly described in accordance.with Ne&ton's third Taw. Subjects in

. Group M were directed to-do the following: "Check to make sure that all




action-reaction pairs.of forces are described as equal in magnitude and
opposite in direction. For example," 1f systems’ A and B interact, the force
- on A by B in your -force d1agram of A shou]d be opposite: in direction but
shou]d have the same'magn1tude as the force on B by A in your d1agram of B."
. Thus, subJects would be 1ed to compare their force d1agram of C (Figure 3b)

. w1th the1r force diagram of A \see Figure 4).

[ AN

‘ According to the constrainc implied by Newton's. third Taw, the friction

force“on“C“by“A"must;oe"opposite“in"directionﬂtO“the'frict{on_force“on1¥
by t. The discovery that they both point in the same direction wou]d.serve ”
as a strong indicator that -an error has been made.

_ CONCLUSIONS .

Th1s research was conducted to va11date se]ected aspects of a proposed
prescr1pt1ve mode] of good prob]em—so1v1ng performance in mechan1cs Io
particular, very explicit rules for construct1ng initial prob]em descrip-
‘t1on§ were found to Tead re11ab1y to explicit and correct descriptions of

potion and interaction.. Furthermore, these descriptions were found to
. fac111tate ach1evement of correct so]ut1ons These findings suggest that
successful prob]em so]v1ng in the doma1n of mechaoics is faci]iteted by
initial prob]em descriptjons containing the following elements:

* An explicit description of both motion-and -interaction of systems.

* Special know?edge about the propert1es of such forces.

«
&

*. Checks on descr1thons based on cons1stency with physical Taws.
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it was found that, even after receiving traditional formal instruction
in mechanics, students are.stili quite.deficient in skills required for the
solution of:fairly routine problems. Additional knowledge of the type:
included in the proposed model is necessary.for achieving good performance.
It has been demonstrated that it is possible.to explicate those specific
.kinds of know]edge and procedures which, if uti]ized can improve performance.
_fThese aspects of problem- so]v1ng skill are typically not made explicit in
phySics courses. However, as we have shown they can dramatically improve
A students performance
¢ Nhile we have focused here on know]edge for describing prob]ems our _
theoretical ideas encompass other aspects of prob]em so]v1ng, including '
,p]anning and synthesis of so]utions by the generation of constraint equa-

'tions In future work we hope to explore and refine these additional areas,

as well asxto generalize beyond the domain of mechanics. , -

In this study we have used an experimental technique which involves
: observation of subjects working under externa] control in accordance w1th
) different versions of .a proposed mode] This method allows thé researcher
to explore in some detail the effectiveness of prescribed knowledge and~to
manipulate experimentaliy various parameters of the modelf' The technique
’may be broadly useful for‘exploring the‘utility of procedures_and knowledge
“structures in a wide variety of domains. ‘ ‘

This 'work has been motivated by the assumption that the design of -
effective instruction in scientific problem solving is on]y‘possible once

-

reliable problem-solving methods have been specified. Toward this end, we’

have been developing and testing methods leading to effective problem solving.

‘Up to now, .our work has not been directiy aimed at deve]oping instruction

in problem solving, but hds focused on an important prerequisite to research

o * -
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) on‘instructfoﬁ. After Waving demonstrated the utility of certain aspects

6f’a‘ﬁréscrippfve model: ‘of ‘good-problem solvings-our next task will then be L
S begin expioring ways\to teach this knowledge.so that students both inter- T :
nalize %t and use it spontanebus]y. Such work on effective modes qf teaching

\ ;cientific problem solving is being planned and will"be rgppfted'in future

.
\

. publications. . -
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Tab1e 1

MaJor Components of. Externa1 Contro1 D1rect1ons
for Model (M) and Modified Model (M*)

. Components common
to both versions - .

Additional components
in model M only.

Al

'.Interaét on Descr1pt1on

lirect1on to draw separate force-

. diagrams indicating all forces

“‘exerted-on each system by all
vother systems. .

L

T

. ting forces. .

£

Sbécific algorithm for enumera- _

?

-~
Ny ¥ iReARTE gt

Special knowledge about pro-
pert1es of interactions (e.g.,
-explicit rules for determining
directions of forces)..

‘Motion Désc¢ription .

Explicit mention of motion in
context of constraint gencration. -

' acce1erat1on of each -system.

' Spec1a1 know1edge about 1

.
e h e wsxv«iw.—v«/

1

Direction to draw separate -
motion diagrams.irdicating
position, velocity, and

2ih Topgnreens Sy,

motion (e.g., explicit. infor-
mation about’ components of
acceleration of systems with
circular mot1on)..

N -

>

‘
- A PTRGANT @ n By ey

¥ . 2
v *

:Cheéksldn Descriptions
Reminder to choose useful symbols.

Cbeék,thht all given information
has been used. -

sre .

O e o

Check for congistency of
motion and interaction
descriptions.

LR

Check that mutual forces are
described correctly (equa1

in magnitude, opposite in
direction).

-

Syhthes?é of Solution
Explication of kinds 6f decisions
to be made during application of

motion principles (choice of princi-
ple, system, d1rect1on)

Assessment of current problem state.

I NIEReSnS &0 - WPARR S W, M MM ik N PR AN Sl ST ey

S e
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Table 2

Examples of ExteQnal Control Directions
« for Constructing Interaction Descriptions

- h ya

Model M:
~E: ‘Let's now draw diagrams,desc}ibing the forces on each X
‘system of interest. Which system...do you wish to consider
first/next? AL |

»

S: (Names a -system Hgw )

E: First.name éach system that touches S, including those
. that exert applied -forces. As ycu identify each system,
“indicdte all external.contact forces exerted on S by
_-that system. -~ - e

S: (Names systems and indicates contact forces. )

T~ _**IF NAMED ‘SYSTEM INTERACTS.BY SURFACE CONTAC::
E: Réﬁﬁmbegg the Force exerted by a surface brdinarily,
although .not-.always, has two components, the normal
force and friction.._Check to be sure whether both

© components exist in this-.cage.

T W_A]sp;«remémger that the normal force is -perpendicular
" 103 and-directed away from, the surface exerting it..
The friction force opposes the relative motion.of the
contact points; -it.opposes the motion of Surelative
~to"{intéracting system). . . T

:--Now name all external systems that directly interact with
.S without touching it or through any other physical
contact. Then indicate the. Tong-range. forces exerted on
S by _each'such system. : - ’

-fr‘ﬁn

wm

:\;(Némes.systems and indicates 1ong-range‘}orce§.)

m

‘Are tﬁere&any'other systems touching S?

S: {Indicates no others or names ‘additional-system(s) and
indicates contact force(s).) - ‘

E: Are there any other systems direcfly interactind'with S
- by long-range forces? :

S: (Indicates no others or names additional system(s) -
and indicates long-range force(s).):

E: If not; you are finished describing all forces on §.
DO NOT ADQ ANY OTHERS. ’

-
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Table 2 {cont'd)

Modified Model M*:

E:

Let's now draw diagrams describing the forces on each
system of interest. Which system...do you wish to
censider first/next? )

v

-(Names a system "S".) \
Draw a force d1agram 1nd1cat1ng all the forces exerted
on S by all other systems. ‘ .

(Draws a diagram.)

i
0

Are there any -other forces exerted on S by any other .

- systems? )

(Indicates no others'dr’draws_additional ferées.)




_ 3.

-

Dw

Table 3

Performance Measures and¢ Error Types

Performance Measure

- -

Major‘Error Types

—_——— .

Correctness of final answer:
Was ‘correct answer obtained?

.Adgguacy of’constra1nt equat1ons:

‘Were the number and kinds of
_equations generated sufficient
"to- determine a solution, and
were all equations. correctly
instantiated? .

~

Adequacy of interaction infor-
mation utilized: ~Were all
requ1red’forces included in

—.equations,.and.were. direc-.

4.

~

tions and magnitudes of those
forces correctly indicated?

.‘Adequaéy ‘of motion -information
utilized: Was information
about the magnitude and direc-
tion of ‘each system's accelera~
tion -correctly 1nc1uded in.
equat1ons7

P ~

intorrect (or no) final

ansqder,

Missing required equation.

1ncorrect 1nformat1on covta1ned

. in equatior,

Meaning]ess egquation
(e.g., confused systems).

Missing force(s) in equation.

Wrong direction of a force.

Wrong magnitude of a force.

Wrong direction of
acceleration.

Wrong magn1tude of
acceleration. -

[ Rdd

34 .

Se 223

.
H
Vo e ke

e et
"
k)

.

S——

- &
-
v

| S

g

[

t 4

e S T

§ e




X

" \ - | -: "l'abh-a 4. o . o K _ \

Co A Mean Numher of Solutions with Correct - e -
. ‘\ " . Performance on Specified Measures P .

Treatment

L _ . b Statistical T
o d .. differences®

( . Performance - a . _
- measures Pretest M M C MoM*  M*C  MsC .

| ~ - ,
, Correct motion . x o

$= . information 1.83 . 3.00 2:63 1.63 - - %

. .~ Correct force : '

. . information-. - 1.33 3.00 2.00 1.38  ** o *k \

T Sufficient and | >
- correct set of . .. . : 4
- --equations e .83 . 2.88 1.63 .75 = ** - *k

I S , o . :
;- ‘Correct. final .. . ¢
c ... answer 791 2.75 1.38 .63 % S -
;“\ - - Note: " Maximum score =-3.00 o
- L §g<=*24' o T - L T "
ol - b" : ’ . ; : - N ‘
- .°n_= 8 per group .
e . " CKruskal-Wallis Test results: *p<,01; **p<.005

AN —
i
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N

Mean Number

of Solutions”

3

« “Figure 1.

“

'3 L \
“— M
T \I
A
1 -
2 T
. . I
] - M
1 \\ - N
‘ 2T ={—=4® Pretest
N [--®|C
[\
\. .
0 . B
/ Motion -  Force ~ Equatwn &Fi'nal
Inforn?atmn Information, Set Answer
'i'
Performance Measure .

Y Sy

S e e

Graph of niean number'of solutions with'corre‘ct perforhfance

on indicated measures (for aH subJects on pr?test and

\

subJe\,ts in Groups M, M*, and C in treatment sessmns)

-
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Problem Situation " .Fdrce Diagram
for Block B

.

.“__‘ “ ' -~ " T . ¢
Figure 2. Problem situation.in problem 3B and force djagram for -bTack,
~ B. {Forces never misséd by subjects in this study.appear
(‘ » ._-' . , b .
1 as solid arrows; forces ‘frequently missed appear as dotted

o -

arrows.) -° . ‘ .
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» . . . ! - - , .
: o B Problem 1A - .. L
Block 1ying on moving cart ' .

£ " " .The. diagram shows a cart A (of mass znb free to move without friction .

along-a horizontal table. This cart is attached by a light string, which passes

over a massless frictionless pulley, to a block B (of mass. mB) suspended from

. VAthe other end of the string. A block C (of mass m) lies on top of cart A. The

.
. “

\coefficient o“' static friction between A and C is }g

‘What~is the maximum velue of g for which block C will remain on the

cart without sliding? T : _ '

L T ey
v R

-

=T

Specified information. ] ) o o )

e

string: massless -

cart A: mass 2m

o coefficient of static
) friction between A and C -7& .

H R .
: ; [

mass “mB

3" " block B:
rass m

massless
frictionless

By

pulley: .

horizontal
frictionless

table:

"block C:
; does not "slide. off A,

coefficient of static ' .
friction between A and C -/u ,
!, Goal

maximum LY =7

-

PAruiext provided by enc
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Problem -2A " I ‘
) j ‘
: . - i
= . . . oL . . . - ] {
Swinging: pendulum . . ) " - ) ! ;
A pendulum bob, of mass .o, swings in a vertical Plane at the end of a ‘\ )
massless string fastened to the t:eiling. At the highest ‘point of ‘its suing, i
£, * ) '
Yo . -the pendulum is in the position shown in the figure, with the string at an - L
_—
) g . I
angle 9 from the veri:ical. . o - . . -
3 e What 1is the magnitude of the tension force exerted on the bob by the .
. .\A
string at this instant" ‘
D f Lo .
L s S s s L ;
;: T \.' P 7
] \ :
i ] - v 1 s ' &*
; ' - N T t
3 " 3
_ 22 . -, -
: { - - S ;
Specified information ) .
‘ W pendulum bob. " mass m S .o
. ‘ _ ) at angle f from vertical at highest point of swing
S ' : .tension force T exerted on bob by string ‘
> string: . massless i
Yy . i - c% = -
3 ’ [
2 - ¥ ’ N
o _ < - £ et e e o e g 4 e .,Au_hw_f‘ - e o [ o Wi




o oo e : A Problem 3A = -~ - e
l*‘-r,ﬁaﬁistanaing on sliding board’ A \ . . \

) . .“ . h 7
A man, of mass m, stands on a board,  of mass M, which he previously A

.plagegzon‘a mud-covered hilly surface making ah';ngle 0 with the horizontal.
The man holds on to a rope (of negligible mass and-parallel to the surface |

_'of the hill) whose other end is fastened to a wall at the top of the hill,

« Rbh

(See the diagram.) .
The man finds, to his d1smay, that the board beneath him starts,slldlng

down the!h111. The coefficient of sliding friction between the man's shoes

and the bbara is My and .the ceefficient-of'sliding f?iction between the l_ -

board and the surface of the hil}l is Pa- ' \ ’
*  What is the-magnitude of the accelerat1on, 2p» w1th which' the board

beneath the man- slldes down the hill wh11e the man, holding on to the rope,

-- °  remains ‘at rest relat1Ve to the ground?

e -~

- " G G o W A P A D P G g G G o S S G A A A A W A T e G Gy . D D A A A ey A e G G G O G A G G G G G G G G O G s e e o = A A o

oo Specified 1nformat1on

; board: _ mass M
; : acceleration-gB

’ . ; coefficient of sliding friction between board and man, o]

f” [ . . cpefficient of sliding friction between board and hill,‘p2

- ~

many . mass m -

! S , at rest relative to ground ‘
. | coefficient of sliding friction between man and board,‘p1

- - - ~

f ' * rope: negligible mass

. . ‘ ) parallel to hill ,

: ) fastened to wall at top of h111 .
? .

A hill: at angle 0 with horizontal -

- coefficient of sliding friction between h111 and board, s Py-

L3

- N :
. Al - . :

- 31 . v
- * - E

‘ :

. - ‘»

v e s -

R 4

.




' . i ‘ R;cblem 1B
..; Block on side ‘of moving cart '
- The diagram shows a ‘cart A. of mass ;nA, which moves with '
s \ negligible friction along a horizontal floor when it is pushed to
-the right by an applied force of magnitude F .. A small block B
'of mass mB, is in. contact with the right vertical side of the cart..\‘\
- ‘ "rhe coefficient of static friction between the bloek and) the side of

‘l
the cart has’ a value ¥

~

1

. How large must be the magnitude F"o of the applied force so that

the bibck remains at rest relative to _the cart, without _slipKix‘xg down?
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Specified information

oy
]
-~

:—-—f—:---- - ———Cart-Ai-- -~  mass- LR - - . -
2 M . -applied force. F, on A to right o -

2 . ) coefficient of static friction between Aand B = ,’

D block B: mass m, T -

v . ‘coefficient of static friction between A and B =)A

e - _ does not slip down

. -, floor: " horizontal

" frictionless . -

: - Goal )

[
i

At 1




Problem 2B

Objeét sliding along a circular track : ' - g

I
[ . ‘.

An object of mass m slides along a frictionlesg circular track. When

the object passes the ﬁoint P in the figure below, the magnitude of the force

) Exérte&fqn the object by the track is 3mg/y2. ; .
%:\ B p &hat is the magnitude of the objecé!s acceleration at that instant? -
? " (Use the values: sin 450 = cos 450 = INT.) ‘ o

ey
.
’

~ A%

> - -
.

oo T ".'_gecified‘inform\ation - e - T b T

~ ~
.

object: .. massm -
' acceleration a. _ '

at point P, at 45° angle from vertical
force of 3qgﬁf7 exerted on object by track

track: frictionless
T circular .

L
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I ' . Problem 3B

Force on‘mutua;ly sliding blocks

Two blocks, A and B, are connected. by a light flexibie string passing .
around a frictionless pulley of negligible mass. Block A has a mass By and . .

iy

block-B has a mass mp. The‘cogfficient of‘sliding ffiction between the two

blocks, and also between block B and the horizontal table below it, has a

valﬁ,e M )
What is the magnitude F, of the force necessary'to pull block B to the

left at constant speed?
. - . i

e e L

Fo-‘"»

TR
" e

) -
Specified information !
block A: mass m, . t
coefficient of friction betwecen A and B,);. :
block B: mass m, \
- speed constant ‘ ’ ‘
- coefficient of friction betwcen A and B, -
s A coefficient of friction between B and table, V. '
‘ B . . . . applied force ,go on B to left - \
string: mhésieSS - .
‘ flexible
s ‘ pulley: ©  ihassless
frictionlqss )
o table: ° horizontal

coéfficient of friction between B and table, Vo




